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Abstract 
Work hardening in metal forming can be modeled using different material model types. To capture the material response to 
plastic deformation semi-empirical models developed by e.g. Sellars and others compete with the physically-based – or internal 
variable – models developed by e.g. Bergstrøm or Kocks and Mecking. The more physical nature of the internal variable 
models means that they typically consist of complex systems of differential equations build upon a multitude of parameters 
(often > 20) to describe the various specific phenomena involved. The question thus open to debate is whether those internal 
variable models are more an advantage or a burden from an application point of view. In order to shed light on this question a 
direct comparison between semi-empirical and internal variable material models is drawn. Both model types are assessed using 
the following categories: model complexity, effort of model calibration, performance in compression tests, and applicability to 
hot rolling. The general quality of the model fitted to the same high manganese steel is demonstrated by a double hit 
compression tests. Additionally the material models are used to predict flow stress, recrystallized fractions and roll forces in a 
typical hot strip rolling schedule i.e. a complex multistage hot working operation. A difference in the best approach and 
necessary effort was exposed during model calibration. Validation trials reveal a good agreement between both model types. 
When modeling a complex rolling operation, however, profound differences in the microstructure predictions become apparent. 
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1. Introduction 
In metal forming both semi-empirical and internal variable modeling concepts are constantly competing since 
they have been developed several years ago. From an industrial point of view it is most important to use a material 
model that reproduces the forming load in all stages of complex processes like forging or rolling with high 
accuracy. On the other hand nowadays the product quality is a primary focus. As product quality and mechanical 
properties are closely coupled with the materials’ microstructure, its evolution in forming processes also has to be 
considered. Hence it makes sense to compare the qualities of semi-empirical and internal variable models with both 
aspects in mind. Another factor that is of importance is the transfer from raw material data obtained in lab scale 
tests to a user-ready material model. As the internal setup of semi-empirical and internal variable type models is 
different also the steps necessary to obtain and validate the model parameters differ in both method and effort. 
In this paper a semi-empirical and an internal variable material model that cover the same metal-physical effects 
are considered as role models and calibrated using the same material data. The two material models are fitted to 
capture the material response of the advanced high manganese steel X60Mn23  ࡳ  currently in assessment within the 
Collaborative Research Center (SFB) 761  ࡳ  in terms of flow stress and grain size evolution due to static 
recrystallization. The underlying metal-physical phenomena considered are strain hardening and dynamic recovery 
during forming and static recrystallization (SRX) during interstage times. The difference in fitting the models to the 
raw data is discussed in the following section. Afterwards the general prediction agreement is tested using a simple 
model of a double hit compression test. Finally both models are coupled to the fast rolling model “RoCaT” and 
then used to model the final strip rolling passes on a 7-stand rolling train. This process route was chosen as the high 
manganese steel under consideration in the present paper is developed for lightweight construction in the 
automotive sector and hence is hot strip rolled prior to application. The results obtained for this process route are 
compared in the final section. The paper is concluded with a critical assessment of both model types. 
Nomenclature 
H  equivalent strain  
V   stress  
U   dislocation density 
accH  accumulated strain  
G   shear modulus  
t   time .
H  equivalent strain rate  
Q   poisson’s ratio  
X   fraction recrystallized 
T  temperature  
b   burgers vector  
d   grain size 
2. Methods and procedure 
In this section both model types and their characteristics will be briefly introduced. Then the necessary 
procedure to calibrate the model parameters for both models is discussed and the calibration results are compared 
using a virtual experiment of a double hit compression test. Finally the fast rolling model “RoCaT” used for an 
advanced comparison of the model performance and the investigated process are shortly introduced. 
2.1. Material models and their characteristics 
The semi-empirical material model is built up using 6 constitutive equations: A typical flow stress equation that 
draws upon 6 material dependent fitting parameters to model the materials resistance to deformation in terms of 
strain, strain rate and temperature. Static recrystallization is modeled using a modified JMAK equation that is 
commonly applied in hot working of steel and contains 4 material dependent parameters. The model for 
microstructure evolution consists of 3 equations with in total 6 parameters. The first one describes the final grain 
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size after full SRX while the second is a law of mixtures both proposed by (Beynon and Sellars, 1992) to mimic 
the procedure of nucleation and growth. In total the semi-empirical model facilitates 16 material dependent fitting 
parameters. It is obvious that the semi-empirical model does not include a direct link between its hardening and 
softening part. As this dependency is crucial in multistate deformations the concept of residual strain by (Ouchi et 
al., 1980) is used to model the additional strength of a prestrained material that did not fully recrystallize. 
Internal variable models typically have a more complex inner structure and use at least ordinary differential 
equations to model the dynamics of the internal variables. The equations used here taken from work by (Vatne et al. 
1996) and (Ahmed et al., 2005) are kept as simple as possible and hence use the internal dislocation density as sole 
internal variable. Still 6 equations are necessary to model the flow stress evolution during hot forming. These 
equations make use of 11 material dependent parameters where , ,G bU  represent physical properties of the 
material while the others need to be determined by other means such as fitting. Static recrystallization is modeled 
by converting the dislocation density reached during straining into a subgrain size. Hence a direct coupling 
between hardening and softening via dislocation density is achieved. The subgrain size is used to calculate the 
driving force for SRX and the number of possible nucleation spots. Combined with the information about the 
mobility of the grain boundaries the SRX kinetics and the grain size evolution during SRX are obtained. This 
concept is based on 8 equations and 7 additional parameters, 6 of which are again material dependent. In total the 
internal variable model uses 21 parameters. 
Both models summarized in Table 1 were fitted to data from laboratory scale material tests. Flow curves of a 
high manganese steel (X60Mn23) were obtained under isothermal conditions during compression tests in the strain 
rate range of 1/s to 100/s and temperatures from 900 to 1200 °C. To characterize the kinetics of SRX and the final 
grain size stress relaxation tests were carried out using temperatures from 900 to 1200 °C and prestrains between 
0.1 and 0.25. Grain growth in high manganese steels according to (Scott et al. 2006) is slow due to the low 
diffusion coefficient of the manganese atoms. Hence no grain growth tests were performed but instead the equation 
provided by (Scott et al. 2006) for X60Mn23 high manganese steel is used in both models. 
     Table 1. Material model equations for both semi-empirical (first column) and internal variable model (second and third column). 
 Semi empirical (SE) equations Internal variable (ISV) equations 
Strain hardening 
Dynamic recovery 
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2.2. Model calibration and validation 
The difference in the model structure also yields different requirements during model calibration. Identifying 
the parameters for the semi-empirical model is a rather straight forward task as the model equations first are not 
coupled but can be considered as independent and second can be converted to linear equations using the so called 
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Avrami approach. After conversion to linear equations the parameters can be determined using the linear 
regression and the resulting set of parameters is unique in mathematical sense. This procedure was used to 
determine all 13 unknown parameters of the semi-empirical equations in Table 1. 
The procedure for the internal variable model is somewhat different. This is caused by the non-linear nature of 
the equations, the differential evolution equation and the strong coupling between strain hardening and SRX. The 
approach followed here is to use non-linear optimization techniques to minimize the difference between 
measurement in the lab and model prediction. Furthermore the results from the strain hardening and the SRX part 
of the model have to be iterated to find a solution with minimum deviation for both model parts. This means a 
much higher effort in calibrating the model even though 6 of 18 unknown parameters have a physical meaning or 
can be determined otherwise and are thus excluded from the optimization. Finally a successful calibration is highly 
dependent on sound start parameter values for the optimization which adds to the overall high effort and means 
that the determined parameters are in general non unique but somewhat arbitrary due to possible local minima. 
The quality of the calibrated models was assessed by some virtual double hit compression tests. An example 
case is demonstrated in Fig. 1. It is obvious that the agreement of flow stress during both strokes and SRX in the 
interstage is good. Worth mentioning is the general trend of steeper hardening slopes obtained from the internal 
variable model that is visible for other temperatures as well. The slope of the grain sizes in the interstage differs 
due to the fact that the semi-empirical model uses a law of mixtures, while the internal variable model directly 
correlates SRX fraction and grain size. However the values calculated for 100% SRX under these conditions (not 
visible in the plot) DUHȝP6( and ȝPISV) which is in faiUDJUHHPHQWZLWKWKHPHDVXUHPHQWRIaȝP 
 
Fig. 1. Results of model comparison by virtual double hit compression test (strain: 0.2 and 0.3; strain rate: 1/s; temperature: 950°C; interstage 
time: 5s): flow stress for both stages (left); recrystallized fraction and grain size in interstage (right). 
2.3. Modeling of hot strip rolling 
To investigate the behavior of the different models in complex hot working processes their predictions are fed 
into the fast rolling model “RoCaT” developed at the Institute of metal forming (Lohmar et al., 2014) to predict 
forces and microstructure for a typical rolling schedule on a 7-stand finishing train. Using a schedule suggested by 
(Siciliano and Jonas, 2000) a 30mm strip is reduced to about 3mm thickness with strains from 0.65 to 0.21. 
“RoCaT” is used here as a fast approach to estimating the expected load on the stands when processing X60Mn32 
steel on a conventional rolling train. Furthermore the embedded microstructure calculation enables a first look at 
the grain size evolution during processing and hence can serve as benchmark for the overall product quality. 
3. Results 
In the following the results gained for the coupling of “RoCaT” and both material models are presented. In the 
first section the focus is on process aspects as the roll force and the overall interstage softening responsible for 
force changes in the latter passes. The second section focuses on the rolled product and hence mainly discusses the 
microstructure evolution predicted by the two different models. Here the distribution of the SRX fraction and its 
influence on the grain size in through-thickness direction of the produced strip is of primary interest.  
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3.1. Force and recrystallization predictions 
In Fig. 2 the results for force, SRX fraction and related acc. strain as well as mean grain size are shown. A good 
match of the roll forces with less than 8% deviation is visible. The difference in SRX fraction is discussed in the 
next section. The grain size evolution differs due to the non-linear law of mixtures in the semi-empirical model and 
the different SRX fractions. However the final grain sizes of 10 ȝP (ISV) and 6 ȝP (SE) seem reasonable. 
  
Fig. 2. Simulation of 7-stand rolling schedule for X60Mn23 steel at 1030°C start temperature: force and fraction recrystallized as predicted by 
different material models (left); accumulated strain and resulting mean grain size prediction during rolling (right). 
3.2. Microstructure predictions 
Fig. 3 shows the different fractions of SRX over all passes and in through-thickness direction of the roll stock. 
The obvious difference is caused by two separate aspects both related to the internal variable model equations. The 
higher level of SRX predicted by the model over the passes is caused by its grain size dependence introduced 
through SV.  Here lower grain sizes lead to higher SRX fractions; this is also visible in Fig. 2. Second the greater 
spread of the model in through-thickness direction is related to the dependence of SRX fraction on dislocation 
density via subgrain size. The dislocation density varies over of the roll stock due to the different deformation 
conditions and temperatures and thus directly causes the differences. This is especially visible at the surface where 
the internal variable model predicts peaks that are caused by the high shear strain in this area of the roll stock. 
 The evolution of the grain size in different parts of the roll stock is shown in Fig. 4. The typically expected 
trend of ceasing grain sizes with ongoing deformation is reproduced by both models. The higher grain sizes at the 
surface are caused by reduced temperatures due to work roll contact in both models. The high scatter of the grain 
size visible in all passes of the internal variable model can be explained by the great difference (60% at maximum) 
between the roll stocks SRX fraction at core and surface and the high dependency on the deformation conditions 
both influencing the grain size. For the semi-empirical model the scatter is greatest in the first pass where again the 
SRX fraction deviates the most, still the overall scatter is much smaller. The differing evolution of grain size 
between passes as modeled by internal variable and semi-empirical is mainly related to different laws of mixture. 
       
Fig. 3. Comparison of SRX fractions for ISV (left) and SE (right) model. The SRX prediction of ISV model shows a high dependence on 
forming conditions and current grain size. The SE model is not dependent on current grain size and hence the overall SRX level is lower. 
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Fig. 4. Comparison of grain size evolution predicted by the internal variable (left) and semi-empirical (right) model, respectively. The higher 
scatter in the grain size evolution of the ISV model is readily explained by the great difference of SRX fraction in through-thickness direction as 
discussed before. 
4. Summary and assessment 
In this paper an internal variable and a semi-empirical model were fitted to the same material data and tested 
using the same process route. For the purpose of force prediction via fast rolling models the results are in good 
agreement. When comparing the SRX and grain size predictions the differences are more profound. As discussed 
above the internal variable model has a close relation to the deformation conditions through the direct coupling via 
dislocation density. This is especially notable when looking at complex forming operations like rolling. Provided 
that the calibration is precise this higher sensitivity can enable a better understanding of the underlying phenomena. 
Additionally the model does not require residual strain as the materials’ condition is already represented by 
dislocation density. However the semi-empirical model reproduces all the phenomena necessary to predict process 
values in multistage hot working operations like rolling with good accuracy and is easy to calibrate. 
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